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Three perylenetetracarboxylic diimide (PDI) derivatives comprising a different number of hydrophobic
alkoxy chains at one imide nitrogen were synthesized. The aggregation behavior of this series of com-
pounds was investigated by UV–vis absorption and emission spectra. The results indicated that large
number of hydrophobic alkyl chains at one end of the PDI molecules can induce significant aggregation
in solution, but without obvious ground state interaction between the PDI aromatic cores. The aggrega-
tion behavior of this series of compounds in solid state was studied by absorption and IR spectra as well
as X-ray diffraction (XRD) experiments. The morphology of the solid aggregates was investigated by scan-
ning electronic microscopy (SEM). With an increase of the number of alkyl chains at one end of these PDI
molecules, the aggregation mode varies from H type to J type, while the morphology of the solid aggre-
gates changes from small bending belts to long ordered wires. This research demonstrated that one can
control the aggregation mode, the order, and the morphology of the molecular aggregates by changing
the number of alkyl chains. This information can be useful in the design of novel organic materials which
exhibit molecular aggregation.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Perylenetetracarboxylate diimides (PDI) are currently being
investigated for use as a variety of photoactive organic materials
because of their low light and thermal fading rates, high lumines-
cence efficiency, and unique optoelectronic properties [1–4]. They
were used in organic field-effect transistors, light-harvesting solar
cells, and light emitting diodes as robust organic dyes [5–13]. They
were proved to be excellent building blocks for self-organized
molecular materials with highly ordered structure due to the
strong p–p interactions between the planar PDI rings [14–21].

Introducing hydrophobic interactions between PDI derivatives
by connecting long flexible hydrophobic alkyl chains to PDI mole-
cule is a very efficient way to construct ordered molecular self-
assembly. Würthner and co-workers had successfully connected
tridodecylphenyl or tridodecyloxylphenyl groups to the imide
nitrogen positions of PDI ring, which brought liquid crystal proper-
ties to PDI molecules [22,23]. Wasielewski and co-workers re-
ported the self-assemble of tridodecyloxylphenyl substituted
PDIs with pyrrolidinyl groups at the bay positions [24]. Very re-
cently, Zang and co-workers reported the self-assemble of PDIs
with long alkyl chains at the imide nitrogen position but no substi-
ll rights reserved.
tuent at the bay substitutions [25]. Würthner reported recently
that the morphology of the aggregates of PDI molecules was also
controlled by the molecular shape [19]. A wedge-shaped amphi-
philic PDI molecule preferred to form a vesicle like molecular
aggregates while a dumbbell-shaped PDI was more likely to form
rod-like molecular aggregates. All the work mentioned above, re-
vealed that the combination of long alkyl side chains together with
the strong p–p interactions between PDI aromatic cores could tune
the self-assembly process. In order to achieve a highly ordered
structure by controllable self-assemble process, the key factor is
to reach an optimum balance of p–p interactions and hydrophobic
interaction between alkyl chains.

Up to now, the PDI compounds substituted with trialkyloxyl-
phenyl group are mostly symmetrically connected at the imide
nitrogen atoms or the bay positions, unsymmetrically substituted
PDIs with trialkyloxylphenyl groups connected at only one end of
PDI molecules are scarcely reported in the literature. We present
here the synthesis and aggregation behavior of a series of novel
wedge-shaped PDIs with trialkyloxylphenyl groups connected to
the one end of the PDI core. Because of the different size of the
hydrophobic side chains, the self-assemble properties of these
compounds vary dramatically. The finding of this research will be
helpful on the design of new PDI based functional materials with
controllable photophysical properties, micro-structure and
morphology.

http://dx.doi.org/10.1016/j.jcis.2010.07.012
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2. Materials and methods

2.1. General methods

Electronic absorption spectra were recorded on a Hitachi 4100
spectrometer. Fluorescence spectra were measured on an ISS K2
system. The fluorescence quantum yields were calculated with
monomer as a standard. The low-angle X-ray diffraction (LAXD)
experiment was carried out on a Rigaku D/max-c B X-ray diffrac-
tometer. SEM images were obtained using a JEOL JSM-6700F
field-emission scanning electron microscopy. For SEM imaging,
Au (1–2 nm) was sputtered onto the grids to prevent charging ef-
fects and to improve image clarity. The minimized structure of
the molecules were calculated by the B3LYP method and 6-31G
(d) basis set in Gaussian 03 program.

3. Results and discussion

3.1. Synthesis

An overview of the structure of the title compounds (1–3) and
the synthetic procedures are shown in Scheme 1. The 1,7-disubsti-
tuted PDI was chosen as the PDI core because it had not only strong
p–p interactions but also good solubility in conventional organic
solvents. The good solubility in organic solvents can simplify the
synthetic and purification procedures significantly.

N-cyclohexyl-1,7-di(p-t-butyl-phenoxyl)-3,4-dicarboxylic
imide-9,10-dicarboxylic anhydride (4) reacts with hydrazine in
CHCl3 to give N-amine-N0-cyclohexyl-1,7-di(p-t-butyl-phenoxyl)-
3,4,9,10-tetracarboxylic diimide (5), which further reacts with
1,3,5-trichloride-2,4,6-triazine to give the important intermediate
Scheme 1. Synth
6. Compound 6 reacts with 3,4,5-trialkoxylaniline [26] to give the
wedge-shaped compound 1. Compounds 2 and 3 were prepared
by the reaction of 4 with 7 or 3,4,5-trialkoxylaniline in toluene/
imidazole. All the new compounds were fully characterized with
1H NMR, MALDI-TOF mass spectra, as well as elemental analysis.
3.2. UV–vis absorption spectroscopy

UV–vis absorption spectra are sensitive to interchromophore
distance and orientation [27] and therefore have been used widely
to study the self-assemble process of chromophores with large p
system [28–30].

Fig. 1 shows the absorption spectra of these three compounds
(1–3) in toluene at different concentrations. All these compounds
present maximum absorption band around 540 nm (0–0 transi-
tion), which is accompanied with a small shoulder at about
508 nm (0–1 transition) [31]. The absorption spectra of compound
1 do not change along with the concentration increase, which
suggests that there is no significant ground state interaction be-
tween the PDI core of compound 1 even in a concentrated solution
(the largest concentration tested in the experiments is 1 �
10�3 mol L�1). But the situation changes when the number of alkyl
chains decrease as revealed by the absorption spectra of com-
pounds 2 and 3. With the increase on the concentration of com-
pound 2 in toluene, the intensity of the absorption band around
540 nm decreases obviously while that of the small shoulder at
510 nm increases slightly. Small red-shifts are observed for the
both two absorption bands at 540 (inset of Fig. 1B) and 506 nm.
The band centered at 540 nm red-shift for about 4 nm to 544 nm
when the concentration of 2 in toluene increased from 1 � 10�5

to 1 � 10�3 mol L�1. Almost equal red-shift is observed for the small
esis of 1–3.



Fig. 1. Concentration-dependent UV–vis absorption spectra of compounds 1–3 in
toluene. (A) Compound 1, (B) compound 2, (C) compound 3. Concentrations are
1 � 10�5 M, 5 � 10�5 M, 5 � 10�4 M, and 1 � 10�3 M respectively. Arrows indicate
the direction of concentration increase. Inset of Fig. 1B and C shows the magnified
maximum absorption band of the two compounds.

ig. 2. The plots of U/U0 against the concentrations for compounds 1–3 (j, 1; d, 2;
, 3) and model compound 8 (�).
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band centered at 508 nm. Intensity decrease for the band at 540 nm
and intensity increase for the band at 506 nm are observed for com-
pound 3 along with the concentration increase, but without obvious
band shift is observed for the maximum absorption band at 540 nm.
This observation suggests that the ground state interaction be-
tween the molecules of 2 or 3 increase significantly along with
the concentration increase. The ground state interactions between
the molecules of 2 or 3 may be caused by molecular aggregation
at high concentrations.

According to the previous report, the 0–0 and 0–1 transition
will reverse in intensity upon p–p stacking [32], therefore, the
intensity changes on the absorption bands observed for com-
pounds 2 and 3 at high concentration maybe caused by the forma-
tion of face-to-face stacked molecular aggregates. Normally, an
exactly face-to-face stacked dimer of PDI will give an absorption
spectrum with the intensity of 0–0 transition smaller than that
of 0–1 transition [33]. This completely intensity reverse is not ob-
served in the absorption spectra of compounds 2 and 3 at higher
concentrations, which suggests either a slipped face-to-face
stacked structure for the molecular self-assembly or the existence
of large portion of non-aggregated PDI molecules in the solution
because of the low stability of the molecular self-assembly. Follow-
ing exciton theory, shift on the absorption band of planar chromo-
phore on aggregation is determined by the angle between the line
connecting the centers of the two neighboring molecules and the
normal of the molecular plan. If the angle smaller than 54.7� (the
magic angle), the absorption band will blue-shift and the aggre-
gates formed is defined as H aggregates. When the angle is larger
than 54.7�, the absorption band will move to red and the aggre-
gates is defined as J aggregates [34]. The small red-shift observed
for the absorption bands of compound 2 at high concentrations
are therefore can be attributed to the formation of J aggregates.
However, the red-shift observed for the aggregates of compound
2 is smaller than that observed for the aggregates of other PDIs
in the literature [35]. This may be attributed to the large center-
to-center distance between neighboring molecules in the aggre-
gates of compound 2, which reduce the interactions significantly
and thus lead to the small red-shift. No band shift was observed
for the absorption band for compound 3 at high concentrations,
which suggest the formation of H aggregates.

3.3. Fluorescence spectra

The fluorescence spectra of PDIs are also sensitive to the aggre-
gation, therefore, it was employed previously in the study of self-
assembly of PDI too [1]. The fluorescence spectra of compounds
1–3 show similarly one broad band centered at about 580 nm.
The shape and wavelength of this emission do not change along
with concentration increase, but the fluorescence quantum yields
decrease significantly. Previous research had revealed that the for-
mation of both H and J aggregates induce new broad emission band
at long wavelength. The missing of new emission band at long
wavelength in the aggregates of compounds 1–3 in the fluores-
cence spectra does not rule against the formation of H or J aggre-
gates for compounds 2 and 3 in concentrated solution, because
the presence of photoinduced intramolecular electron transfer
from the triazine part to PDI unit in compounds 1–3 has reduce
the fluorescence quantum yields of them significantly [9]. We
use the fluorescence quantum yields of the most diluted solution
tested in our experiments as standard (U0), by comparing the fluo-
rescence quantum yields at more concentrated solutions (U) with
U0 (U/U0), we got the quantitate effects of the concentration on
the fluorescence quantum yields. Fig. 2 shows the plots of U/U0

against the concentrations for compounds 1–3. It can be found that
the fluorescence quantum yields drop significantly along with the
concentration increase. This fluorescence quantum yield drop can
be ascribed to the so called ‘‘self-absorption phenomenon”, i.e.
the emission from one molecule is absorbed by the neighboring
molecules due to the very close arrangement of these two mole-
cules. From the plot shown in Fig. 2 we can find that the fluores-
cence quantum yields of compounds 1–2 start to drop sharply at
very low concentrations while a higher concentration is need for
compound 3 and model compound 8 (N,N0-dicyclohexyl-1,7-di(p-
t-butyl-phenoxyl)-3,4,9,10-tetracarboxylic diimide, the structure
is shown in supplementary materials) to show large fluorescence
quantum yield drop. The drop on the fluorescence quantum yields
F
N



Fig. 3. Electronic absorption spectra of the thin solid films of compound 1 (b),
compound 2 (c) and compound 3 (d) prepared from evaporation of drops of their
toluene solution on a quartz plate as well as model compound 8 (a, 1 � 10�5 M) in
toluene.
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for compounds 1–2 can be ascribed to the formation of molecular
self-assembly, which causes local concentration increase and thus
induce the happening of ‘‘self-absorption”. This result suggests that
the long hydrophobic alkyl chains in compounds 1–2 have indeed
induced significant molecular self-assemble at low concentrations
and thus caused obvious fluorescence quenching. U of compound 1
drop sharply at very low concentrations as shown in Fig. 2. It re-
duced to one to third when its concentration increased from
1 � 10�6 to 1 � 10�5 mol L�1. But the same magnitude of concen-
tration increase induced only 50% decrease on U of compound 2
and 30% decrease on the U of compound 3. This difference between
compounds 1–3 suggests that the introduction of more alkyl
chains in these molecules will increase the self-assemble ability
in diluted solution.

The absorption spectra revealed that the concentration increase
of compound 1 did not induce significant changes on the absorp-
tion spectra. The results deduced from the fluorescence measure-
ment as mentioned above seems controversial to the results of
the absorption spectra at first glance, but this is not true. The un-
changed absorption spectra of compound 1 along with the concen-
tration increase suggests only that no ground state interactions
between the PDI units of different molecules, it is not the evidence
of non-aggregation of the entire molecule. But contrarily, com-
pound 1 self-assembled into molecular aggregates at very low con-
centrations driven by the strong hydrophobic interactions between
the alkyl chains. Because of the large volume of the long alkyl
chains, the PDI units can only pileup with large space between
the neighboring PDI units and hereby no ground state interaction
between PDI units is observed. In compounds 2 and 3, both the vol-
ume of the long alkyl chains and hydrophobic interactions between
the alkyl chains are relatively smaller than that in compound 1, the
p–p interaction between the PDI units is strong enough to interfere
with the self-assemble process. Therefore, the PDI units can take a
more closely packed conformation and ground states interactions
between the PDI unites can be detected by the absorption spectra.
3.4. Aggregation in solid states

In order to investigate the effects of the long alkyl chains on the
aggregation behavior of these wedge-shaped molecules in solid
states, the thin solid films of these compounds are prepared by sim-
ply spreading drops of toluene solution of these compounds onto
the surface of substrate. After evaporation of the solvents, the thin
solid films are characterized by different physical methods.

The UV–vis absorption spectra of these thin solid films of com-
pounds 1–3 are compared in Fig. 3. Comparing with that of mono-
meric PDI (compound 8) in solution, obvious band broadening is
observed in all these series of compounds due to the effect of the
closely compacted molecular assembly [36,37]. For compound 1
with the most alkyl chains at one end of PDI in all these series of
compounds, a large red-shift of the maximum absorption band is
observed comparing with that of monomeric PDI, indicating that
the formation of J aggregates in solid states [38]. Contrarily, for
compound 3 with the least alkyl chains, the prominent feature of
the absorption spectra is a reduction on the ratio of 0–0/0–1 tran-
sition intensity, along with significant blue-shift of the absorption
maximum, and a loss of the fine structure. These features suggest
the formation of face-to-face stacked H aggregates in solid states
[39,40]. Dramatic change in absorption spectrum has also been dis-
played by the thin solid film of compound 2. The relatively higher
absorption at shorter wavelength implies the enhancement of the
0–1 transition due to the p–p interaction within the molecular
aggregate. Comparing to the absorption of individual molecules
of compound 8, the absorption of compound 2 in solid state shifts
slightly to red, which implies weaker (distorted) p–p interactions
in the aggregate of compound 2 than that of compound 3 but
stronger than that of compound 1 [41].

Since the electronic properties of compound 1–3 are essentially
the same when dispersed as free molecules (see Fig. 1), the strik-
ingly different absorption spectra observed for the aggregate states
of the three molecules are most likely due to the different molec-
ular packing conformation in the molecular assembly caused by
the different number of alkyl chains [42,43]. As seen below, such
a different molecular packing conformation results in a different
dimensional preference for the growth of the molecular assembly.
3.5. IR spectra

In order to reveal the conformation and packing behavior of the
long alkyl chains in the aggregates of compound 1–3, IR spectra of
the thin solid films of compounds 1–3 are recorded. The widths,
relative intensities as well as the frequencies of the methylene
stretching bands provide the information of orientation and order
of the long alkyl chains in the molecular assembly [44,45]. The
samples for the IR measurement are deposited onto a KBr disk from
a concentrated toluene suspension. A uniform film is obtained after
toluene evaporation. The measured IR spectra of the three com-
pounds are shown in Fig. 4. Two sharp and intense peaks are ob-
served at 2924 and 2853 cm�1, which are assigned to the va and
vs CH2 stretching bands, respectively [46,47]. The small shoulder
at about 2960 cm�1 can be assigned to the vibration of CH3 stretch-
ing. The frequencies, intensities, and bandwidths of the va and vs

CH2 stretching bands match those of very highly ordered n-alkane-
thiol SAMs [48], therefore, it can conclude that the alkyl chains of
these three compounds in their thin solid films packed with high
order. The larger intensity of the stretching bands of compounds
1 and 2 relative to that of compound 3 indicates that the long alkyl
chains of compounds 1 and 2 pack with higher order than that of
compound 3 [49,50].
3.6. X-ray diffraction patterns

The molecular orders in the solid state are also investigated by
the X-ray diffraction experiments. For all the compounds, the X-ray



Fig. 4. IR spectra of the thin solid films of compounds 1–3 (A–C) prepared from
evaporation of drops of their toluene solution.
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diffraction patterns are characterized by a broad peak at 2h = 21�
corresponding to the d value of 0.42 nm that relate to the liquid-
like order of the alkyl chains [22], which is well consistent with
the results of IR spectra. As shown in Fig. 5, the thin solid film of
compound 1 presents the strongest diffraction at 2h = 21�, which
suggests that the long hydrophobic alkyl chains in compound 1
packed with higher order than that in compounds 2 and 3. The dif-
fraction at 2h = 28.5�, corresponding to a d space of 0.31 or
0.32 nm, can be attributed to the p–p stacking of the trialkyloxyl-
phenyl rings and PDI rings between the adjacent molecules. Two
Fig. 5. XRD patterns of the thin solid films of compounds 1–3 (A–C) prepared from
evaporation of drops of toluene solution on silicon surface.
peaks with relative larger intensities appeared in this region in
the diffraction pattern of compound 3, which suggests that the p
system in compound 3 stacked with higher order than that in com-
pounds 2 and 1, and that the p–p interactions are the dominating
driving force for the self-assemble process of compound 3.

In the low angle region of the diffraction pattern of compound 1,
a peak at 2h = 2.92� (d = 3.02 nm) can be found, which is accompa-
nied with three higher order refractions at 1.51, 0.99 and 0.61 nm
respectively. The diffraction at 3.02 nm is ascribed to the (1 0 0)
plane while the peaks at 1.51, 0.99 and 0.61 are ascribed to the
(2 0 0), (3 0 0), and (5 0 0) planes accordingly. The minimized
molecular structure of compound 1 and the dimensional sized
are shown in Fig. 6A. The hydrophobic part (the long alkyl chains,
the phenyl rings and the triazine rings) has a semi-circular shape
with a radius of about 3.0 nm and a thickness of about 0.8 nm.
To achieve the biggest hydrophobic interactions between the
neighboring molecules, the semi-circular hydrophobic part must
take an ideal ‘‘face-to-face” stack as shown in Fig. 6C. Therefore,
the preferred direction of the growth of the molecular aggregates
driven by the hydrophobic interactions of long alkyl chains is along
the axis which perpendicular to the ‘‘plane” of the semi-circular
hydrophobic part and finally leads to the formation of linear
molecular aggregates. Because of the large thickness of the hydro-
phobic part, the PDI rings of adjacent molecules of compound 1 can
not pack closely and therefore, no ground state interactions were
observed in the absorption spectra. The d space of the diffraction
peak at 2h = 2.92� is thoroughly equal to the radius of the semi-cir-
cular hydrophobic part of the molecule as indicated in Fig. 6, and
therefore can be attributed to the thickness of the hydrophobic
shell of the linear molecular aggregates.

However, the thin solid films of compounds 2 and 3 do not
show any other meaningful diffraction in the low angle region as
shown in Fig. 5, which suggests that the molecules in the thin solid
films of compounds 2 and 3 pack with less molecular order than
that of compound 1, probably because of the small hydrophobic
interactions between the neighboring molecules.

3.7. Morphology of the aggregates

The morphology of the aggregates formed is examined by scan-
ning electron microscopy (SEM). Samples were prepared by drop-
casting 1 mg/ml toluene solution of compounds 1–3, respectively,
onto the surface of SiO2 substrate. The SEM images of aggregates
of compounds 1–3 are shown in Fig. 7. As shown in Fig. 7A, driven
mainly by the inter-molecular hydrophobic interactions between
side chains, compound 1 self-assemble into one-dimensional
(1D) micro-structure with nano-rod morphology. The length of
the nano-rod is found to be several micrometers while the width
is about 300–500 nm. Based on the results of UV–vis and XRD
experiments, we propose that the molecules of compound 1 form
linear aggregates first, in which the PDI cores arrange in a ‘‘side-
by-side” way and the semi-circular hydrophobic part stack in a
‘‘face-to-face” mode along the longitudinal direction of the linear
aggregates (1-D J-aggregates) as shown in Fig. 6E, then several lin-
ear aggregates adhere together to form the nano-rod (Fig. 6F) [51].
It is worth noting that the overlap between the semi-circular
hydrophobic parts of compound 1 do not induce any changes on
the absorption spectra of PDI part due to the large thickness of
the hydrophobic part, which hindered the closely packing of the
PDI rings in the aggregates (Fig. 6C). The self-assemble process of
compound 1 from solution to solid states is schematically summa-
rized in Fig. 6.

On the other hand, both the UV–vis and XRD experiments of
compound 3 suggest that its molecules stacked along the
perpendicular direction of the aromatic plane driven dominantly
by the inter-molecular p–p interaction, leading to the co-facial



Fig. 6. The minimized structure of compound 1 (A), and its schematic aggregation process in solution (C) and in solid states (D–F).

Fig. 7. SEM images of compounds 1–3 (A–C) solid film prepared from evaporation of drops of their toluene solution on silicon surface.

Fig. 8. The minimized molecular structure of compound 3 (A), arrows in the right picture indicates the preferred directions of p–p interaction and hydrophobic interaction.
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aggregation and one-dimensional molecular self-assembly. Due to
the phenyl ring connected at the imide nitrogen atom preferred a
perpendicular conformation relative to the plane of PDI ring as re-
vealed in the minimized structure of compound 3 in Fig. 8, the
hydrophobic interactions will drive the molecules aggregate in a
different direction from that of p–p stacking and thus induce the
formation of ribbon like structure. The ribbon structure appears
as a typical assembly produced from the one-dimensional aggrega-
tion (1-D H-aggregates) as reported in literature [52]. However,
compound 2 shows bended sheet-like or tube-like aggregates,
implying a molecular packing distorted from both typical co-facial
conformation and ‘‘side-by-side” arrangement, due to the interfer-
ence between the p–p interactions and hydrophobic interactions.
4. Conclusion

Three wedge-shaped PDI compounds with a different number of
long alkyl chains connected at one end of the molecule are success-
fully prepared. Because of the strong hydrophobic interactions be-
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tween the long alkyl chains, these molecules in solution can form
aggregates even at extremely low concentrations. For compound
1, because of the presence of twelve alkyl chains, the hydrophobic
interactions between the molecules are extremely strong and dom-
inate the aggregation process. The effects of the p–p interactions
between the PDI cores on the aggregation are negligible. With
the decrease of the number of the alkyl chains, the hydrophobic
interactions between the alkyl chains decrease accordingly and
the p–p interactions between the PDI cores begin to affect the
aggregation. Compound 3, with only 3 long alkyl chains, formed
H aggregates in solution as well as in solid states. Compound 2,
with 6 long alkyl chains, formed J aggregates in solution and H
aggregates in solid states. Because of the interference between
the hydrophobic interaction and p–p interaction, the packing order
of the molecules of compounds 2 and 3 in solid states decreased
significantly. This result demonstrates clearly that the relative
strength of different supramolecular interactions could vary the
structure of the molecular aggregates and morphology efficiently.
It is possible to achieve a fully control of the structure and mor-
phology of the molecular self-assembly by careful designing on
molecular structure and programming on different supramolecular
interactions. This is very important for the design of new organic
self-assemble functional materials for the application in the fields
like field-effects transistors and organic solar cells.
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